Stem cell antigen (Sca)-1/Ly6A, a glycerophosphatidylinositollinked surface protein, was found to be associated with murine stem cell-and progenitor cell-enriched populations, and also has been linked to the capacity of tumor-initiating cells. Despite these interesting associations, this protein's functional role in these processes remains largely unknown. To identify the mechanism underlying the protein's possible role in mammary tumorigenesis, Sca-1 expression was examined in Sca-1 +/EGFP mice during carcinogenesis. Mammary tumor cells derived from these mice readily engrafted in syngeneic mice, and tumor growth was markedly inhibited on down-regulation of Sca-1 expression. The latter effect was associated with significantly elevated expression of the TGF-β ligand growth differentiation factor-10 (GDF10), which was found to selectively activate TGF-β receptor (TβRI/II)-dependent Smad3 phosphorylation. Overexpression of GDF10 attenuated tumor formation; conversely, silencing of GDF10 expression reversed these effects. Sca-1 attenuated GDF10-dependent TGF-β signaling by disrupting the heterodimerization of TβRI and TβRII receptors. These findings suggest a new functional role for Sca-1 in maintaining tumorigenicity, in part by acting as a potent suppressor of TGF-β signaling.
Results
Sca-1 Is Increased Early in Mammary Tumorigenesis. To explore the role of Sca-1 in tumorigenesis, we induced mammary tumors in heterozygous Sca-1 +/EGFP mice (11) using medroxyprogesterone (MPA) and 7,12-dimethylbenz[a]anthracene (DMBA) (8, 12, 13) . Cultures of primary mammary epithelial cells exhibited enhanced EGFP fluorescence coincident with increased Sca-1 expression immediately after treatment with MPA and DMBA (( Fig. S1 A and B ), suggesting that the Sca-1 locus is activated at the onset of carcinogenesis. Both Sca-1 +/EGFP and WT mice developed tumors within 2 mo of MPA/DMBA treatment, with no significant difference in the incidence of tumor formation (Fig. S1C) . Primary cultures derived from mammary tumors showed a fourfold higher level of Sca-1-expressing cells than cultures from normal mammary gland (Fig. S1D) . To explore the role of Sca-1, we established a tumor cell population, designated 34T, from an adenocarcinoma induced in Sca-1 +/EGFP mice. We used these 34T cells, which were >80% positive for Sca-1 (Fig. S1E) , to examine the signaling pathways regulated by Sca-1.
Attenuation of Sca-1 Expression Reduces Cell Growth and
Tumorigenicity. To examine whether Sca-1 plays a tumorigenic role, we transduced 34T cells with a lentivirus expressing either GFP shRNA as a control or Sca-1 shRNA to generate a stable cell population with reduced Sca-1 expression (Fig. S2 ). 34T cells expressing Sca-1 shRNA D8 (D8 cells) exhibited a 90% reduction of Sca-1 protein expression compared with 34T/GFP shRNA cells (34T cells) ( Fig. 1 A and B) . 34T cells grew as clusters with a spheroid morphology, whereas D8 cells lost the spheroid morphology ( Fig. 1C ) and displayed reduced anchorage-independent colony formation (Fig. 1D) . To test the tumorigenic potential of Sca-1, we engrafted syngeneic mice with 34T and D8 cells. D8 cells either failed to develop tumors or grew as small tumors, whereas 34T cells formed large tumors after 25 d (Fig. 1E ).
Sca-1 Controls Cell Behavior and Tumorigenicity Through Inhibition of GDF10 Expression. To determine whether the Sca-1-associated changes in growth is related to secreted growth inhibitory factors, we assessed colony formation in the presence of conditioned media from 34T and D8 cells. Conditioned medium from control 34T cells partially restored the growth of D8 cells, whereas the medium from D8 cells inhibited the growth of 34T cells (Fig.1F) . To further assess the phenotypic changes associated with Sca-1 expression, we carried out gene microarray analyses in both cell populations. Among the 57 expressed genes that exhibited a threefold or greater change in D8 cells, the TGF-β ligand GDF10 exhibited the largest change ( Fig. S3 and Table S1 ). Because several TGF-β ligands are known to inhibit cell proliferation, the expression of additional TGF-β ligands was determined in 34T and D8 cells (Fig. 1G ). Only GDF10 expression was significantly increased in D8 cells; no changes in TGF-β1, TGF-β2, and TGF-β3 expression were seen.
We next evaluated the role of GDF10 in tumor cell growth by generating 34T cells that stably express GDF10 (Fig. 1H ) and D8 cells that express a GDF10 shRNA and thus have reduced GDF10 expression (Fig. 1I) . Increased GDF10 expression in 34T/GDF10 cells resulted in reduced colony formation, whereas reducing GDF10 expression enhanced the colony formation of D8 cells (Fig. 1J and Fig. S4A ). In addition, increasing GDF10 expression reduced the spheroid morphology and restored the contact inhibition of 34T cells, whereas down-regulation of GDF10 expression had an opposite effect in D8 cells (Fig. S4B) . We then evaluated the tumorigenic properties of these cells in isograft experiments in syngeneic mice (Fig. 1K ). 34T cells formed large tumors after 25 d (Fig. 1E) , whereas 34T/GDF10 cells formed considerably smaller tumors. Conversely, D8 cells failed to grow as isografts (Fig. 1E ), but decreasing GDF10 expression conferred tumorigenicity (Fig. 1K) . Thus, Sca-1 regulates tumorigenicity in part by repressing GDF10 expression.
Sca-1 and GDF10 Regulate Signaling Through Smad3. GDF10 was previously identified as a TGF-β ligand related to BMP-3 (14) , although there is little information on its mechanism of action. Among several TGF-β family ligands, TGF-βs and activins signal primarily through activation of Smad2 and Smad3, whereas BMPs act through Smad1 and 5 (15, 16) . To determine the effect of increased GDF10 expression in D8 cells, we compared the autocrine Smad signaling in 34T and D8 cells using reporter assays specific for Smad3 (TGF-β) and Smad1/5 (BMP) signaling ( Fig. 2A) . The Smad3 reporter activity was strongly increased in D8 cells, in contrast to the low and unchanged Smad1/5 reporter activity, demonstrating a correlation of decreased Sca-1 expression and increased GDF10 expression with increased Smad3 activity. In addition, GDF-10 overexpression in 34T cells increased TGF-β reporter activity, and silencing GDF10 expression in D8 cells produced the opposite effect (Fig. 2B ). This outcome is consistent with increased expression of the TGF-β target genes Smad6 (Fig.  2C ) and PAI-1 (Fig. 2D ) in 34T/GDF10 cells and decreased expression of these genes when GDF10 shRNA was introduced in D8 cells. These results indicate a correlation of GDF10 expression and signaling with activation of Smad3 signaling. To verify this notion, we examined the Smad3 activation in 34T and D8 cells (Fig. 2E ). We found a much higher level of C-terminal Smad3 phosphorylation in the D8 cells than in the 34T cells, consistent with the significant increase in GDF10 production. Furthermore, the phosphoSmad3 level in 34T cells was increased by GDF10 overexpression, and the high level of phosphoSmad3 in D8 cells was reduced on down-regulation of GDF10 expression. These Expression of GDF10 in 34T cells (34T/GDF10) reduced colony formation by 80%, whereas silencing GDF10 expression in D8 cells (D8/GDF10sh) increased colony formation. (K) GDF10 modulates tumorigenicity. Cells were implanted into eight syngeneic C57BL/6 mice, and tumor growth was assessed as in E. Tumor volume was reduced in isografts of 34T/GDF10 cells compared with tumors from 34T cells (P < 0.001, two-tailed Student t test). In contrast, D8/GDF10sh cells showed increased tumor volume compared with D8 cells (P < 0.001, two-tailed Student t test).
results are correlated with the extent of nuclear localization of Smad2/3 and Smad1/5 in 34T, 34T/GDF10, D8 and D8/GDF10sh cells (Fig. 2F ).
GDF10 Activates Smad3
Signaling via TβRI and TβRII. To determine whether GDF10 directly activates Smad3 similar to TGF-β, we treated NMuMG cells with recombinant GDF10 or TGF-β1 (Fig.  3A) . Both GDF10 and TGF-β1 induced the nuclear localization of Smad2/3 but not of Smad1/5, suggesting that they act through a common receptor-Smad pathway. Accordingly, GDF10 induced the expression of the TGF-β target genes Smad6 and PAI-1 (Fig.  3B) , consistent with our results using 34T or D8 cells with increased or decreased GDF10 expression ( Fig. 2 C and D) . In addition, GDF10 induced Smad3 phosphorylation in 34T cells as rapidly as TGF-β1, although at 30 min, TGF-β1 induced a higher level of Smad3 activation than GDF10 (Fig. 3C) . Adding GDF10 to D8 cells, which express high levels of GDF10, enhanced the constitutive activation of Smad3 only minimally; however, this was further enhanced in response to TGF-β1 (Fig. 3C) . Thus, although both GDF10 and TGF-β activate Smad3, TGF-β1 is more potent in activating Smad3 compared with GDF10.
As assessed by real-time qPCR, 34T and D8 cells expressed the ALK4, TβRI/ALK5, and ALK7 type I receptors, which all are able to activate Smad2 and Smad3, as well as the TβRII, ActRII, and BMPRII type II receptors (Fig. 3D) . These receptors were expressed at similar levels with the exception of TβRII, which was increased twofold in D8 cells. To determine whether GDF10 used the same type I and type II receptors as TGF-β1 (i.e., TβRII and TβRI), we carried out [
125 I]TGF-β receptor binding assays of intact cells (17) (18) (19) using unlabeled GDF10 as a competitor (Fig. 3E). [
125 I]TGF-β cross-linking visualized the abundant betaglycan (type III TGF-β receptor), as well as the 70-kDa TβRII and 53-kDa TβRI. Unlabeled TGF-β1 and GDF10 were effective at competing with [
125 I]TGF-β binding to betaglycan, TβRII, and TβRI, although TGF-β1 was more effective in competing than GDF10. We next compared the effects of GDF10 and TGF-β1 in WT versus Tgfbr1 −/− mouse embryo fibroblasts (MEFs). Both had equal expression of ALK4 and ALK7, whereas the latter specifically lacked the expression of TβRI (Fig. 3F, Upper) . Treatment of WT, but not Tgfbr1 −/− cells, with GDF10 resulted in a time-dependent increase in pSmad3 (Fig. 3F, Lower) , indicating that GDF10 signals through TβRI. In addition, GDF10 was unable to induce Smad3 activation in MEFs with inactivated expression of TβRII (Fig. 3G) , indicating the requirement for TβRII. Taken together, our results indicate that GDF10 acts through the same TβRII/TβRI receptor complex as TGF-β to activate Smad3, and that increased GDF10 expression as a result of down-regulation of Sca-1 expression results in autocrine activation of TβRI/II signaling. control cells, and Sca-1 abrogated this effect (Fig. 4A ). This inhibition also was reflected in the activation of Smad3-mediated transcription in response to GDF10 (Fig. 4B ). Because Sca-1 is a GPI-anchored cell surface protein, we evaluated its colocalization with TβRI and TβRII in 34T cells by confocal microscopy (Fig. 4C) . Sca-1 colocalized with TβRI and TβRII at the plasma membrane (Fig. 4C, Insets) . We next examined whether Sca-1 interacted with TβRI and TβRII at the cell surface. 34T cells were labeled with membrane-impermeable biotin and cross-linked, and Sca-1 was immunoprecipitated. Immunoblotting revealed that Sca-1 was associated with biotinylated TβRI, but not with TβRII (Fig. 4D) .
The association of Sca-1 with TβRI at the cell surface raised the possibility that Sca-1 could prevent ligand-induced TβRI and TβRII complex formation, which would explain the inhibition of ligand-induced Smad3 activation (Fig. 4 A and B) . This implies that D8 cells, with their down-regulated Sca-1 expression and high GDF10 expression, would have a higher level of receptor complex than 34T cells, and indeed this was the case (Fig. 4E) . In addition, ectopic overexpression of Sca-1 in D8 cells disrupted the TβRI-TβRII receptor complex in parallel with reduced Smad3 activation (Fig. 4F) . Finally, adding recombinant GDF10 or TGF-β1 impaired the association between Sca-1 and TβRI (Fig. 4G) , suggesting that this is a dynamic interaction regulated by ligand. This result suggests that the level of activation of TGF-β signals may depend on the relative abundance of GDF10 and Sca-1, as well as on a possible competition between GDF10 and Sca1 for receptor binding.
Discussion Sca-1 is generally considered to be a stem cell marker of normal tissues, where Sca-1-positive cells have been shown to have a regenerative capacity (3, (20) (21) (22) (23) (24) (25) (26) , despite the fact that its function is poorly described. In this study, we have defined a role for Sca-1 in tumor progression based on three key findings. First, Sca-1 was necessary for maintaining the tumorigenicity of mammary tumor cells. Its tumor-promoting role is associated with inhibited expression of GDF10, a minimally characterized TGF-β family ligand that acts as a tumor suppressor in our tumor isograft assays. Second, GDF10 acted through TβRI and TβRII and conferred Smad3 activation similarly to, but weaker than, TGF-β1. GDF10 was previously linked to the BMP-like action of osteoblast differentiation (27, 28) , but the specific receptor complex associated with GDF10 had not been identified. The ability of GDF10 to act as a tumor suppressor thus resembles the well-documented role of TGF-β signaling as a tumor-suppressor pathway through TβRI and TβRII and Smads early in tumor development (29) (30) (31) . Third, Sca-1 interacted with TβRI at the cell surface to attenuate ligand binding to the TβRI/TβRII receptor complex and ligand-activated Smad3 signaling, thus providing a complementary mechanism to inhibit tumor suppression by TGF-β or GDF10 signaling.
These findings support a model in which Sca-1 counters the inhibitory role of TGF-β signaling in mammary gland and tumor cells (Fig. 4H) . Tumor growth suppression by Sca-1 occurs through an autocrine mechanism, as is apparent from the marked suppression of colony formation by conditioned medium from tumor cells with reduced Sca-1 expression. Furthermore, the expression of Sca-1 early in the tumorigenic process suggests a primary role in tumorinitiating cells, as demonstrated by the marked reduction of tumor growth in Sca-1 knockdown cells. The role of Sca-1 in tumorigenesis may be especially relevant to our understanding of the link between Sca-1 expression and tumor formation (7, 9, 32) and metastatic behavior (6, 10, 33) , as well as to the radiation resistance of Sca-1-positive mammary epithelial progenitor cells (34, 35) . In relation to our findings, expression of dominant-negative TβRII was found to increase Sca-1 expression in mammary epithelial cells (36) , although no mechanism for this effect was presented. Although, Sca-1 is murine-specific, the Ly6 gene family has been associated with the 8q24.3 amplicon in breast cancer (37) (38) (39) , and expression of the homologs Ly6D and Ly6K has been linked to basal cell and metastatic breast cancer (37-39), as well as to head and neck cancer (40) .
The finding that Sca-1 promotes tumor growth through suppression of GDF10-dependent TGF-β signaling may be particularly relevant to breast cancer. TGF-β signaling through TβRI and TβRII, and then through Smad2 and Smad3 as intracellular effectors (16, 41, 42) , is known to exert an inhibitory effect on mammary gland development and tumorigenesis. Increased expression of activated TGF-β1 in mammary epithelial cells of MMTV-TGF-β1 transgenic mice results in impaired ductal elongation and involution, and disappearance of stem cells in the terminal buds (43) . These mice are resistant to carcinogenesis and exhibit markedly suppressed tumor formation when crossed with MMTV-TGFα mice (44) . Conversely, conditional loss of TGF-β1 expression in MMTV-PymT mice accelerates tumor formation and metastasis (45) . However, it should be noted that after inactivation of TGF-β-induced growth inhibitory signaling, increased TGF-β production and autocrine signaling help promote cancer progression through their effects on the microenvironment and their ability to promote epithelial plasticity, which results in invasion and metastasis (29) (30) (31) . In summary, we conclude that Sca-1 maintains the growth and invasive characteristics of tumor cells in part by suppressing the expression of GDF10 and in part by attenuating the accessibility of the TGF-β 34T cells were treated with either 50 ng/mL of GDF10 or 5 ng/mL of TGF-β1, and TβRI was immunoprecipitated. Sca-1, TβRI, pSmad3, and Smad2/3 were detected by Western blot analysis. Both GDF10 and TGFβ1 increased pSmad3, although phosphorylation was greater in the presence of TGFβ1. Sca-1 was found to be associated with TβRI in the absence of ligand, which was reduced after treatment with GDF10 or TGF-β1, whereas dissociation occurred more rapidly in the presence of TGF-β1. (H) Schematic representation of the regulation of TGF-β signaling by Sca-1. Sca-1 is depicted as interacting with TβRI to interfere with TβRI-TβRII complex formation and the subsequent activation of Smad3. When Sca-1 expression is reduced, GDF10 expression is increased, leading to stabilization of the receptor complex and Smad3 activation.
